Li-ion batteries (LIBs) are among the most advanced technologies for energy storage. Due to the potential criticality of lithium raw materials, Na-ion batteries (NIBs) are frequently suggested as a low-cost, environmentally benign alternative to eventually complement or even replace LIBs. Herein, we present a holistic modeling framework to assess the potential of NIB cells from a performance, cost, and environmental impact perspective. To this end, we employ a physics-based battery cell model to project practical specific energies of LIB and NIB cells subjected to varying discharge rates. The derived performance metrics are subsequently used to parameterize a bottom-up battery cell cost model and to assess life cycle greenhouse gas (GHG) emission. Benchmarking model results obtained for NIBs (NaNi 1/3 Co 1/3 Mn 1/3 O 2 vs. hard carbon) against state-of-the-art LIBs (LiNi 1/3 Co 1/3 Mn 1/3 O 2 vs. graphite), we find that NIBs made from currently available active materials cannot compete with LIBs in terms of performance, costs, and environmental impact. Identifying battery performance as a key parameter driving manufacturing costs and GHG emissions, we argue that in order to make NIBs competitive to LIBs, one of the main priorities of NIB research should be the development of anode and cathode materials offering specific charges, voltages, and cycle life times comparable to or higher than for LIB active materials.
Introduction
Renewable energy sources (RES) play a critical role to decarbonize the energy system. A major challenge of many RES, such as solar and wind energy, is their intermittent availability, which requires complementary technologies to ensure reliable energy supply. Energy storage is therefore increasingly deployed to aid the system-integration of RES. LIBs are particularly suitable for energy storage due to their fast response time, low selfdischarge, high round-trip efficiency, and scalability. 1, 2 Apart from stationary energy storage, LIBs are of crucial importance for mobile and portable applications, such as electric vehicles, laptops, and mobile phones. 3 Their unmatched specic energy and reliable operation makes them one of the most advanced battery technologies, which is reected in the worldwide LIB market size of 24 bn V in 2017. 4 Due to rising concerns regarding the future costs and availability of lithium raw materials, Na-ion batteries (NIBs) are frequently discussed as a promising low-cost and environmentally more benign alternative to eventually complement LIBs. [5] [6] [7] [8] Based on the larger size of Na + charge carriers compared to their Li + counterparts and less negative standard potential (E 0 (Na + /Na) ¼ À2.71 V (ref. 9) vs. E 0 (Li + /Li) ¼ À3.04 V (ref. 9)) of the governing electrochemical reaction, it is oen argued that NIBs are not likely to be competitive with LIBs in terms of specic energy. Whereas such considerations inherent to the thermodynamic properties of a battery chemistry are relevant when assessing theoretical specic energies, 10 it is oen overlooked that the larger size of Na + charge carriers favors enhanced electrolyte mass transport 11 and faster reaction kinetics [11] [12] [13] [14] at the electrode/electrolyte interface. Aiming for a better understanding of the trade-offs existing between thermodynamic and kinetic parameters in LIB and NIB cells, we present a modeling framework to assess practical specic energies of LIB and NIB cells subjected to varying discharge rates. Based on this framework, we quantify costs and manufacturing-related environmental impacts of LIB and NIB cells from a life-cycle perspective.
State-of-the-art modeling approaches for battery cell assessment include the Argonne National Laboratory Battery Performance and Cost (BatPaC) model, 15 the TIAX model, 16 the simplied Energy-Cost model by Berg et al., 17 and other [18] [19] [20] valuable studies evaluating performance and costs. Many of these contributions enjoy widespread appreciation in both academia and industry as they help uncover trade-offs existing between competing battery chemistries and can provide guidelines to improve battery cell design. More recently, comparative studies have been performed to assess costs 21 and environmental impacts 6 of LIBs and NIBs. A common shortcoming of the above-discussed modeling approaches is that they typically rely on generic battery performance assumptions, e.g. in terms of constraints imposed on battery cell design to meet discharge power requirements instead of performance metrics derived from detailed physics-based models. Therefore, these models are not suited to study the impact of fundamental thermodynamic and kinetic parameters on the performance of different battery technologies. In order to ll this research gap, we integrated a pseudo-two-dimensional (P2D) physics-based electrochemical battery cell model 22 into a modeling framework to consistently assess specic energies, costs, and manufacturing-related GHG emissions of LIB and NIB cells. To evaluate the impact of faster kinetics in NIBs, the performance projections are performed for LIB and NIB cells subjected to varying discharge rates. Overall, the presented modeling framework helps to pinpoint key parameters governing the technical, economic, and environmental viability of LIB and NIB cells. Fig. 1 summarizes the modeling framework developed in this study to assess performance, costs, and environmental impacts of LIB and NIB cells. In a rst step, a pseudo-two-dimensional (P2D) physics-based battery cell model is employed to project practical specic energies of LIB and NIB cells subjected to varying discharge rates. In a second step, the P2D model output, i.e. battery cell performance and material requirements for battery cell manufacturing, enables the parameterization of a bottom-up cost model and life cycle inventories. In a third step, battery cell manufacturing costs are computed and life cycle assessment (LCA) is performed to quantify manufacturingrelated GHG emissions. We used the established modeling framework to assess NIB cells with the active material conguration NaNi 1/3 Co 1/3 Mn 1/3 O 2 (cathode) vs. hard carbon (anode) and benchmarked the cells against model results obtained for their state-of-the-art LIB analogue, i.e. LiNi 1/3 Co 1/3 Mn 1/3 O 2 vs. graphite. Please note that, although not strictly applicable to secondary batteries, we refer to anode for the negative electrode and cathode for the positive one throughout this paper as this is common in battery-related publications. Whereas the further advancement of LIBs has received signicant attention from academia and industry since their commercialization by Sony ca. 30 years ago, NIBs are currently a less mature technology in their prototyping stage. 3 We therefore expect that ongoing research activities will eventually lead to the development of NIB active materials offering higher voltage and specic charges than NIB active materials available today. We therefore additionally aim for a second assessment, which is not affected by differing development stages of the two technologies, but represents a hypothetical scenario where differences in battery performance originate solely from fundamental thermodynamic and kinetic disparities inherent to LIBs and NIBs. For this scenario, we consider NIB active materials that display the same specic charges and gravimetric densities as LiNi 1/3 Co 1/3 Mn 1/3 O 2 and graphite, respectively. Although the cell voltage is thermodynamically solely linked to the Gibbs free energy change of the cell reaction, 23 we furthermore assume that the lower voltage in NIB compared to LIB cells amounts only to the difference in the electrochemical standard potentials, i.e. 0.33 V.
Methods

Methods overview
The remainder of the methods chapter is structured as follows: Chapter 2.2 provides an overview of the P2D battery cell model and a critical discussion of key input parameters. In Chapter 2.3, we summarize life cycle inventories collected for this study and present the empirical bottom-up battery cell cost model established by distilling key insights from Patry et al. 19 and Berckmans et al. 24 
P2D model
Based on porous electrode theory of de Levi 25 and further developed by Newman, Doyle, and coworkers, 26, 27 the P2D battery cell model is one of the most widely used physics-based electrochemical battery cell models. The P2D model consists of a system of nonlinear partial differential equations (PDEs) for the conservation of mass and charge in the anode, separator, and cathode section of the battery cell. The model has repeatedly proven suitable to accurately simulate the discharge behavior of batteries and for cell design optimization. 22, 28, 29 In this study, we adapted the numerical implementation of the P2D model developed by Torchio et al. 22 for MATLAB to project practical specic energies of LIB and NIB cells subjected to discharge rates of respectively 0.25C, 4C, and 10C. Current densities associated with these discharge rates were computed as the ratio of the theoretical specic charges of active materials and the duration of full galvanostatic discharge, i.e. 4 h, 15 min, and 6 min, respectively. Table 1 shows key input parameters for the P2D model. As discussed above, we consider two distinct active material congurations for the NIB, denoted as "present" (NaNi 1/3 Co 1/3 Mn 1/3 O 2 and hard carbon active materials; referring to the present state of development) and "hypothetical" (yet unknown active materials) scenarios, respectively. The hypothetical scenario is intended to reect the battery cell performance that we would expect NIBs to display in the hypothetical situation that they had enjoyed the same cumulative research and development efforts as LIBs today. Whereas a comparison of such hypothetical NIBs with current LIBs is not supposed to Table 1 Scenarios for LIB and NIB cells considered in this study and P2D model input parameters collected from (ref. 12-14, 28 and 32-36 
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See S1 represent a comparison of future cells (since LIBs will also undergo further development), it allows evaluating achievable development goals of NIBs in terms of performance. In order to account for uncertainties in the kinetic parameters that exist for NIBs because of limited experimental data available, three different sub-scenarios are considered for each active material conguration, referred to as "pessimistic", "base", and "optimistic". Conceptually, the total number of six NIB parameter sets gives rise to six different types of NIB cells considered. Kinetic parameters in the electrode materials (i.e. solid phase diffusion coefficients and electronic conductivities) are not listed in Table 1 as they are assumed to be identical for NIB and LIB cells. A comprehensive discussion of P2D model parameters is provided in S1. † Compared to kinetic and thermodynamic input parameters, which are an intrinsic property of active materials, electrolyte solution, and other constituents of the battery cell, cell design parameters, i.e. electrode thickness and electrode porosity can be chosen by battery manufactures such as to best match the technical requirements of the battery. In this regard, one may conceptually distinguish between "high energy" cells with thick electrodes and low electrode porosity and "high power" cells with thin electrodes and high electrode porosity. Whereas "high energy" cells have higher theoretical specic energy, they show inferior performance in high-power applications compared to "high power" cells, which retain a larger fraction of their theoretical specic energy when subjected to fast discharge. In the context of this study, the optimal battery cell design is not only dependent on the anticipated discharge rate but also on battery chemistry and the optimal set of design parameters is thus not ex ante known. For that purpose, we coupled the P2D model to an optimization algorithm to numerically optimize the cell design parameters for maximum practical specic energy at the different discharge rates. Formally, this gives rise to a nonlinear optimization problem with bound constraints:
In eqn (1), the objective function is the practical specic energy as evaluated with the P2D model for a particular set of cell design parameters {t a ,3 a ,3 c }. t a , 3 a , and 3 c denote the thickness of the anode, porosity of anode, and porosity of cathode, respectively. Note that the objective function is not dependent on the thickness of the cathode t c as it can be computed from {t a ,3 a ,3 c }. This is because balanced capacities are assumed for the anode and cathode, thus the four cell design parameters {t a ,t c ,3 a, 3 c } are not independent (see ESI † 1.2.4 for more details). Eqn (2) introduces lower (lb) and upper (ub) bound constraints to restrict the cell design parameter values to physically meaningful ranges. It should be noted that the objective function in (1) is nonsmooth and typically nonconvex, thus the optimization solver should be selected with care. Previous studies have relied either on derivative-based local solvers 18, 30 or derivativefree global approaches 18, 31 to tackle the challenge of optimizing battery cell geometry. In this work, we employed the fmincon interior-point solver from the MATLAB optimization toolbox. The solver was run from 500 randomly selected start points x 0 ¼ ½t 0 a ; 3 0 a ; 3 0 c T˛ℝ þ 3 to ensure (near-)global optimality of the solution. The effectiveness of this strategy was veried using particle swarm optimization from the MATLAB optimization toolbox. Whereas similar results were obtained employing the two solvers, particle-swarm optimization tends to be more effective in terms of the number of required objective function evaluations and thus run-time. The MATLAB scripts needed to reproduce the results are available upon request. A list of computed practical specic energies and optimized cell design parameters is shown in S2. †
Manufacturing costs and LCA
Practical specic energies and optimized LIB and NIB cell designs derived using the P2D model form the basis to compute material requirements needed to assess costs and manufacturing-related life cycle GHG emissions. Table 2 lists battery cell components and associated material purchase costs and relevant data sets for LCA. In this study, the functional unit for both the cost assessment and LCA is the manufacturing of 1 kWh of battery cell capacity without considering battery use phase and end of lifetime aspects. GHG emissions were computed according to IPCC 2013 (100 year time frame) using the Python-based Brightway LCA framework 37 and ecoinvent version 3.3 (system model "Allocation, cut-off by classication") 38 served as the background database providing GHG emissions of all modeled battery materials and energy carriers with the associated supply chains. Python code in the form of a Jupyter notebook is provided in S4. † The calculations were performed for battery cells in standard industrial pouch format where multiple electrode "sandwiches" consisting of anode current collector, anode, separator, cathode, and cathode current collector are stacked on top of each other. Because of the stacked arrangement of electrode sandwiches, the current collector thickness specied in Table 2 corresponds to half of the actual thickness of the copper and aluminum sheets. Due to unavailability of industrial data, we assume that the thickness of the NIB anode aluminum current collector is equal to the thickness of the LIB anode copper one. We note, however, that this assumption is possibly favouring NIBs as it is currently not clear whether the mechanical stability of aluminum allows for the processing of aluminum sheets with a thickness of only 8 mm. Following Patry et al., 19 a scrap rate of 9% is assumed for all components of the battery cell "sandwich". For the assessment of battery cell costs we adapted the empirical bottom-up cost model developed by Patry et al., 19 modeling total manufacturing costs as the sum of material purchase costs, process costs, and overhead costs. To account for increasing worldwide manufacturing capacities since the publication of their study, we apply learning curves for the computation of battery process and overhead costs. Assuming an average annual growth of the Li-ion battery manufacturing capacity of 26% (ref. 4) between 2014 and 2019, we discount Table 2 LIB and NIB material purchase costs, processing steps, and relevant data sets for LCA. Required quantities of each battery cell component were derived from the output of the P2D model as detailed in S3. Purchase costs of NaPF 6 and NaNi process costs by a factor D process ¼ 0.396 and overhead costs by a factor D overhead ¼ 0.629 (see (ref. 24 ) and SI3 † for more details). While material purchase costs can be computed directly from the P2D model output, process costs were estimated based on the underlying idea that they are dependent on the occupation time of production lines per kWh of battery cell capacity manufactured. 19 We assume that production line occupation times are inversely proportional to the areal specic energy of the electrode sandwiches the battery cells are composed of.
More precisely, we model process costs ($ per kWh) as the sum of a constant cost term c const and a term that scales inversely with the areal specic energy of the electrode sandwich A sandwich . A sandwich,ref denotes the areal specic energy of a reference sandwich and c var is a proportionality factor.
The process cost modelling approach employed in this study differs somewhat from the original one 19 mainly in that we model process costs as a function of areal specic energy instead of electrode thickness. We believe that our generalized approach is suitable for LIB and NIB cells with disparate electrode porosities (anode porosities 17-30% and cathode porosities 18-47%, see S2 †). We dene A sandwich,ref as the areal specic energy of LIB 4C sandwiches (A sandwich,ref ¼ 83 W h m À2 ) and set the process costs of LIB 4C cells equal to process costs specied by Patry et al. 19 for an automotive NMC battery cell with 50 mm anode thickness, i.e. Process 2014 ¼ 69 $ per kWh). A comparison with process costs specied for automotive NMC battery cells with 100 mm anode thickness (Process 2014 ¼ 44 $ per kWh) 19 Table 2 for more details). We furthermore assume that water and energy requirements for battery cell manufacturing are proportional to process costs. This modeling approach is based on the rationale that water and energy requirements are dependent on the occupation time of production lines in a similar functional manner as are process costs. Although our approach allows only for an approximate estimation of the true water and energy requirements, we believe that it is well suited for the purpose of the comparative assessment performed in this study.
Overhead costs ($ per kWh) are computed from the material purchase and process costs according to the below empirical formula: 19 Overhead 2014 ¼ 0.66 Â Process 2014 + 0.056 Â (Purchase + 1.66 Â Process 2014 ) (5)
A complete documentation of the battery cell cost model and life cycle inventories in excel sheet format is provided in S3. † 45) ). Compared to their LIB counterparts, we project lower practical specic energies for NIB cells at all discharge rates. However, a closer look at Fig. 2a reveals that the gap in specic energy between NIB and LIB cells is dependent on the discharge rate; for the "base" scenario, the gap in specic energy decreases from 45% (0.25C) to 41% (4C) and 37% (10C). These ndings show that the enhanced kinetic processes in NIB cells have a signicant impact on the highpower performance. However, for the particular NIB considered, this effect is not sufficient to compensate for the lower specic charges and voltage of the active materials. Please note that the practical specic energies computed for LIB and NIB cells are of course sensitive to the parameterization of the P2D model and the choice of input parameters. 46 In order to account for this uncertainty, we consider for instance with respect to the kinetic input parameters not only a base scenario, but also a pessimistic and optimistic one for NIB cells. We believe that this approach yields reliable ranges for the practical specic energy of NIB cells, thus accounting for the main sources of uncertainty present in the analysis. Furthermore, we perform an additional battery performance assessment, where practical specic energies of current LIB cells are compared to optimized theoretical specic energies of NIB cells. For xed battery active materials and cell design, such an assessment provides a theoretical upper bound for the specic energy that may be expected from NIB cells. Assuming the same cell designs as for the NIB-B cells shown in Fig. 2a , theoretical specic energies amount to 152 W h kg À1 (0.25C cell design), 131 W h kg À1 (4C cell design), and 120 W h kg À1 (10C cell design), respectively. It is evident that the theoretical specic energies of NIB cells are signicantly lower than practical specic energies of their LIB counterparts (262 W h kg À1 , 199 W h kg À1 , and 158 W h kg À1 , respectively). Fig. 2b shows LIB (LiNi 1/3 Co 1/3 Mn 1/3 O 2 vs. graphite) and NIB (NaNi 1/3 Co 1/3 Mn 1/3 O 2 vs. hard carbon) cell manufacturing costs computed as the sum of material purchase costs, process costs, and overhead costs. A comparison of both the cost structure and total cell costs with industrial data evidences that our modeling framework provides accurate cost estimates: while we project 186 $ per kWh for LIB 4C cells, (ref. 47) species 180 $ per kWh for automotive LIB cells (NMC cathode); material purchase costs account for respectively 65% (this study) and 60-70% (ref. Manufacturing costs projected for LIB and NIB cells designed for varying discharge rates. The following contributions are distinguished: costs related to lithium and sodium raw materials for electrolyte (light grey) and cathode active material (dark grey) production, current collectors (violet), cathode active material costs without lithium and sodium raw materials (dark green), anode active material costs (medium green), other material purchase costs (light green), process costs (blue), overhead costs (orange). Three scenarios are considered for NIB cells in 47) of total cell costs. Within material purchase costs we further distinguish between costs related to lithium (Li 2 CO 3 ) and sodium (Na 2 CO 3 ) raw materials, current collectors (i.e. aluminum and copper sheets), cathode active material costs (without Li/Na), anode active material costs, and contributions from other cell components. While sodium raw material costs are almost negligible (1.0-1.4 $ per kWh NIB cell capacity), lithium raw material costs are ca. 10 times higher (12-15 $ per kWh LIB cell capacity). However, it needs to be emphasized that despite ongoing discussions about rising lithium costs in the last years, 21 lithium raw material costs amount to only 5.8-10.2% of total LIB cell manufacturing costs. Note that this calculation is based on the annual average price of battery-grade Li 2 CO 3 in the year 2017, which was 13.9 $ per kg. 40 Even in the case of an increase of the Li 2 CO 3 price to 25 $ per kg, which may be considered the "worstcase" scenario, 48 lithium raw material costs would only amount to 22-27 $ per kWh LIB cell capacity. In addition to replacing lithium by sodium-based materials, additional cost savings can be achieved in NIBs by using aluminum instead of copper as the anode current collector. These cost savings are most pronounced for high-power cells (LIB 10C vs. NIB 10C), where the combined expenditures for aluminum and copper can be reduced by 8.9 $ per kWh. Total material purchase costs are consistently higher for NIB than LIB cells, which can be attributed to lower practical specic energies of NIB cells and thus higher material requirements per kWh of capacity. Similarly, higher process costs are projected for NIB cells due to longer production line occupation times as a result of larger electrode areas per kWh of capacity.
In line with the above discussion of battery cell manufacturing costs, we project higher GHG emissions for NIB cells (see Fig. 3 ), which we again attribute to lower practical specic energies and thus higher material and material processing requirements. Due to comparatively high GHG emissions associated with cathode active materials (LiNi 1/3 Co 1/3 Mn 1/3 O 2 and NaNi 1/3 Co 1/3 Mn 1/3 O 2 ) and large quantities required, the cathode paste accounts for 41-60% of total GHG emissions. Energy requirements for battery cell manufacturing contribute 20-37% to total GHG emissions, while the sum of all other contributions is, on average, only 21%. Comparing our results to an existing study evaluating NIBs from a life cycle perspective, 6 we arrive at somewhat different conclusions. While Peters et al. 6 found GHG emissions of NIBs to be in the same range or even slightly lower compared to LIBs, we project 45-78% higher GHG emissions for NIBs. Although the authors of this study homogenized battery cell manufacturing energy requirements and electricity mixes to improve the comparability of the results with existing LCA studies on LIBs, they state that the comparability is still limited. We ascribe the poor comparability in part to the lack of consistency in the battery performance assumptions, i.e. specic energies of LIBs and NIBs collected from different literature sources. As our study relies on more consistent performance data due to the use of a physics-based battery cell model for the parameterization of life cycle inventories, the results presented here should be more reliable.
Hypothetical NIBs
We now shi the discussion from battery cells manufactured with active materials available today to an assessment of LIB and NIB cells that is not affected by differing development stages, but intended to be governed solely by the underlying electrochemical disparities of the two technologies. For this scenario, Fig. 4 compares projected practical specic energies of LIB cells (LiNi 1/3 Co 1/3 Mn 1/3 O 2 vs. graphite) and hypothetical NIB cells. Importantly, while assuming same specic charges and gravimetric densities for LIB and NIB active materials, we expect NIB cells to display an open circuit voltage 0.33 V lower than LIB cells, corresponding to the difference in the standard electrochemical potentials of Li + /Li and Na + /Na. At low discharge rates of 0.25C, we project lower practical specic energies for NIB cells as explained by their lower voltage. Interestingly, the higher the discharge rate, the better NIB cells perform relative to their LIB counterparts. For the "base" scenario, the practical specic energy of NIB cells is 4% higher at 4C discharge and 12% higher at 10C discharge. At fast discharge rates, even in the absence of faster kinetic processes ("pessimistic" scenario), we project almost the same practical specic energy for NIB cells. This is because of the increasing impact of the low-mass aluminum anode collector in NIB cells with decreasing electrode thickness, i.e. the lower mass of the aluminum current collector compared to the copper one can compensate for the lower NIB cell voltage.
The strong inverse correlation found between practical specic energy and both costs and GHG emissions suggests that NIBs can only reasonably compete with LIBs if similar specic energies can be achieved for NIB cells. In comparison, other drivers, such as the choice of Li-ion and Na-ion based materials and anode current collector (copper vs. aluminum) will only play a secondary role as long as the supply chains of lithium raw materials and copper are not endangered. As we found that NIBs could potentially reach similar or even slightly higher specic energies than LIBs in high-power applications, we envision that NIBs can become a viable alternative to LIBs even in the absence of interrupted lithium supply. In this study we refrain, however, from performing a quantitative assessment of costs and GHG emissions as the chemical composition of active materials for hypothetical NIBs and future material supply chains, location of production, and commodity prices are hard to predict, thus the results of such an assessment would not be meaningful in the light of these uncertainties.
Conclusions
Intrigued by the promises of the NIB research community, the goal of this study was to perform a realistic assessment of current and prospective (hypothetical) NIB cells, taking into consideration three key metrics indispensable for successful NIB market implementation: (1) battery performance, i.e. practical specic energies at different discharge rates; (2) costs;
(3) environmental impacts evaluated based on manufacturingrelated GHG emissions from a life cycle perspective. To ensure consistency in the assessment of the different metrics, we employed a physics-based electrochemical battery cell model to parameterize a bottom-up cost model and life cycle inventories. Comparing model results obtained for active material congurations considered representative for LIBs and NIBs (i.e. LiNi 1/3 Co 1/3 Mn 1/3 O 2 vs. graphite and NaNi 1/3 Co 1/3 Mn 1/3 O 2 vs. hard carbon) our ndings suggest that NIBs need further improvement in order to become competitive with LIBs in terms of the three metrics assessed. We identied a strong inverse correlation between battery practical specic energy and both manufacturing costs and environmental impact, implying that the specic energy provides a key lever to reduce battery costs and GHG emissions. Since we found other drivers, such as cost savings due to replacement of lithium-based raw materials by sodium-based ones, to play a minor role, we argue that NIBs are most likely to become a viable alternative to LIBs only if they can achieve similar performance. In a second part of this paper, we evaluate if from a fundamental technical perspective NIBs have the potential to become competitive with LIBs. Aiming for an assessment that is not affected by the currently differing development stages of the two chemistries, we considered a hypothetical scenario in which the voltage of NIB cells is only 0.33 V lower compared to LIB cells and assumed that NIB and LIB active materials offer the same specic charges. We nd that under these conditions NIBs are likely to reach practical specic energies close to (high-energy cells) or even somewhat higher (high-power cells) than their lithium competitors. Overall, this study underlines the importance of NIB active materials offering high voltage and specic charges for battery performance, costs, and environmental impact. Although not addressed in this study, it should be emphasized that future NIBs additionally have to comply with safety and lifetime requirements of mobile, automotive, and stationary applications. For instance, if longer cycle life can be attained with the NIB chemistry compared to LIB, the cost and environmental benets could be signicant and turn the conditions in favour of the deployment of NIBs.
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